initial 5 wt.% proton-type Nafion ® suspension from 1-2 to 11. The catalyst inks were prepared from a mixture of the as-prepared samples (25 mg), acetylene black (AB, Strem Chemicals Inc., 5 mg), and 3.33 wt.% K + ion-exchanged Nafion ® suspension (0.15 mL). The total ink volumes were adjusted to 5 mL by the addition of tetrahydrofuran (THF, Sigma-Aldrich), to give final concentrations of 5 mg sample/mL, 1mg AB/mL, and 1 mg Nafion/mL in the ink. A sample of the ink (3.6 μL) was then drop-casted on a rotating-disk electrode composed of a glassy carbon (GC) disk (0.15 × 0.15 × cm 2 ) (BAS Inc., Japan), which was used as the working electrode after mirror polishing with 0.05 μg alumina slurry (BAS Inc., Japan). The catalyst layer on the GC disk was dried overnight in vacuum at room temperature, and was composed of 0.25 mg oxide /cm 2 disk , 0.05 mg AB /cm 2 disk , and ~0.05 mg Nafion /cm 2 disk .
Electrochemical measurements
Electrochemical measurements were conducted using a rotating ring disk electrode rotator (RRDE-3A, BAS Inc., Japan) at 1600 rpm, in combination with a bipotentiostat (BAS Inc., Japan). In addition, a Pt wire counter electrode, and an Hg/HgO reference electrode (BAS Inc., Japan) filled with 0.10 M KOH (Wako, Ltd., Japan) were used. RHE) at 10 mV/s. For all measurements, the OER current density was iR-corrected (R = ~68 ) using the measured solution resistance (Supplementary Figure 14) , and capacitance-corrected by averaging the anodic and cathodic scans [5] to remove the non-faradaic current contribution. The current densities (mA/cm 2 disk ) were obtained by dividing the OER current with the glassy carbon disk electrode area.
Chemical analysis
X-ray photoemission spectra (XPS) were obtained by a XPS-7000 spectrometer (Rigaku Co., Japan) using Al-K radiation at room temperature. XPS data were collected with an energy step of 0.1 eV. [20] . Therefore, our XPS data confirms that the Ru of the catalysts sustains its Ru 5+ valence during the OER measurement. The Ru 3d peaks were not used for obtaining the compositional information due to the severe overlap of Ru 3d 3/2 peaks with C 1s peaks. The severe overlap of Ru 3d 3/2 peaks with C 1s peaks (the intensity of which greatly depends on the amount of acetylene black attached to the surface of the catalyst) causes the significant change in the intensity ratio between the Ru 3d 3/2 and 3d 5/2 peaks for the as synthesized catalyst, the cast catalyst and the catalyst after 50/100 cycles (already at the stage of as synthesized, a small amount of carbon species from the air are attached to the surface). Supplementary Figure 14 . Nyquist plots of impedance spectra of the OER measurement system in this study are shown (expanded view between the frequency of 40 kHz and 500 Hz). The solution resistance of the OER measurement system was estimated as ~68  by the extrapolation of the Nyquist plots at 10 mV and 100 mV amplitude around the open circuit potential (-0.03 to 5mV vs. Hg/HgO). The inset shows the overall view of the impedance spectra between the frequency of 40 kHz and 100 mHz. Impedance spectra were measured using a potentiostat/galvanostat with frequency response analyzer (Bio-Logic SAS, SP-150).
Supplementary Figure 15.
The OER mechanism of cubic pyrochlore ruthenates in this study based on the electron transfer between Ru ion and the OH -adsorbate. The rate-determining step is either the formation of O-O bond (reaction 2) or the deprotonation (reaction 3) along with the redox reaction of Ru ions in analogy with the perovskite oxides in Suntivich et al. [5] and Yagi et al. [6] , and the high OER activity of S5] , and RuO 2 -NiO [S6] were taken from the previous literature. The turnover frequency (TOF) was calculated by TOF = j/4Fn, where j is the OER current at 1.5 V vs. RHE, F is the Faraday constant, and n is the number of moles of the Ru atom on the working electrode. 
